Introduction
============

Bispecific antibodies, which unlike conventional monoclonal antibodies, can bind two different antigens and offer a novel therapeutic approach to the treatment of various malignant and autoimmune diseases.[@R1] The bispecific format promises greater efficacy, avoids the complicated and costly development of combination therapies, and is receiving increasing attention in the biopharmaceutical community.[@R1]^-^[@R5] In 2009, catumaxomab became the first bispecific antibody to attain regulatory approval,[@R6] and other candidates are in clinical development.[@R7] Bispecific antibodies are poised to become the next generation of antibody-based drugs.

A variety of design strategies for bispecific antibodies have been investigated, including symmetric IgG-like fusion molecules and asymmetric antibodies.[@R1]^,^[@R3] Asymmetric antibodies are based on heterodimerization between two different heavy chains which are selectively paired to two different light chains and is accompanied by unique challenges related to proper association of the individual heavy and light chains. The current work deals with the development of the intermediate heterodimeric antibodies comprising of two different heavy chains paired to two common light chains. Incorrect pairing of heavy chains and light chains leads to complicated heterogeneous antibody mixtures containing impurities such as homodimers (symmetric antibodies containing two common heavy chains and two common light chains). A number of elegant approaches including knobs-into-holes and electrostatic effects have been developed to address the challenges related to heterodimeric antibody assembly, and these approaches have been reviewed recently.[@R8]^-^[@R10] The current work is based on novel alternate heterodimerization designs aimed at achieving asymmetric antibodies with improved purity and stability characteristics.

In spite of recent advances, a remaining challenge in developing heterodimeric antibodies is the lack of established purity assay methods for quantitative evaluation of heterodimer purity, when potentially a number of misrepaired or undesired species may exist in the expression product. A key challenge in analytical method development for bispecific antibodies is that the method must accurately and reproducibly detect impurities present at 2% or lower level relative to the main desired species. Detection and identification of these low percentages of impurities is important because of potential detrimental contamination in the final product. For some target receptors, even a small amount of the homodimeric impurity could exhibit a different mode of action and potential toxicity or immunogenicity compared to the heterodimeric bispecific antibody. In addition, the homodimeric impurities have a lower stability than the heterodimeric antibody and present a potentially higher risk for aggregation and immunogenicity. Purity assay methods need sufficient accuracy and resolution to detect and quantify fully assembled bispecific antibodies and their impurities. Evaluation of these antibody impurities is difficult due to similarities between structural and physicochemical properties of such impurities and the heterodimer. Traditional separation-based antibody purity assays such as electrophoresis- and high-performance LC (HPLC)-based methods lack the resolution needed to distinguish these antibody impurities from the desired product.

Mass spectrometry is used during innovator or biosimilar antibody development to obtain accurate protein mass and primary structure information.[@R11]^-^[@R13] Modern mass spectrometers such as electrospray ionization-quadrupole-time of flight (ESI-Q-TOF) instruments provide high resolution, high sensitivity, and accurate mass for protein and peptide analyses and are routinely used for evaluation of heterogeneity arising from modifications such as glycosylation and C-terminal lysine truncation. Although intact protein mass spectra have been used to establish the purity of bispecific antibodies,[@R14]^,^[@R15] the abilities of the corresponding methods to detect homodimeric impurities and quantify relative differences between samples have not been systematically evaluated. Additionally, purity assessment of bispecific antibodies by mass spectrometry has been complicated by heterogeneity arising from N-linked glycans, and heterogeneity as a result of C-terminal lysine truncation.[@R14]

This paper demonstrates an LC-MS-based assay using an advanced ESI-Q-TOF mass spectrometer that evaluates heterodimeric purity of MAb1, a prototype heterodimeric antibody, after deglycosylation by detecting and quantifying homodimeric and half-antibody (heavy chain + light chain) impurities. MAb1 is a proof-of-concept heterodimeric antibody based on the IgG1 trastuzumab and is an Fc heterodimer composed of two different half antibodies sharing a common light chain primary structure (data not shown). Heavy chains A and B have different amino acids at 6 sites in the Fc region (resulting in a 172 Da mass difference). MAb1 and the independently-expressed homodimeric standards (containing only the A or B heavy chain plus a common light chain) were first characterized by two complementary LC-MS techniques, intact protein mass analysis after deglycosylation and LC-MS^E^ peptide mapping of Lys-C digests prepared from reduced and alkylated samples. Prior to the studies described herein, the homodimeric standards were purified by size-exclusion chromatography (SEC)-HPLC to separate out half-antibodies and enrich full-length homodimeric antibody in the sample. Deglycosylation was performed prior to intact protein mass analyses to reduce sample heterogeneity and simplify detection and quantification of heterodimer and homodimers. The available MAb1 heterodimer sample inherently showed no detectable homodimer impurities. To evaluate the capability of LC-MS to evaluate heterodimer purity, the independently expressed homodimeric standards were spiked into the MAb1 sample. Detection and relative quantification of homodimers and associated half-antibody impurities in heterodimer samples spiked with homodimeric standards in this manner were then demonstrated using the intact protein LC-MS method.

Results
=======

Characterization of MAb1 and homodimeric controls by LC-MS
----------------------------------------------------------

To evaluate molecular integrity and sample composition, heterodimer MAb1 (Hetero-AB) and independently expressed homodimer standards containing only heavy chain A or B (Homo-A and Homo-B) along with the common light chain were analyzed by reversed-phase LC-MS. Prior to analysis, deglycosylation of the antibodies was performed using PNGase-F to remove the heterogeneity due to N-linked glycans. As shown in [Figure 1](#F1){ref-type="fig"}, no differences in reversed-phase LC retention times were observed for components from samples Hetero-AB, Homo-A, and Homo-B even after optimization of the LC separation conditions.

![**Figure 1.** UV~280~ chromatograms for Hetero-AB, Homo-A, and Homo-B.](mabs-5-711-g1){#F1}

The combined raw mass spectrum for the protein peak of Hetero-AB is shown in [Figure 2A](#F2){ref-type="fig"}. Three components are apparent at the individual charge state levels of the spectrum ([Fig. 2A](#F2){ref-type="fig"} inset). The MaxEnt1 deconvoluted spectrum for Hetero-AB ([Fig. 2B](#F2){ref-type="fig"}) has three components with average masses suggesting the three possible C-terminal lysine truncation species of Hetero-AB. Hetero-AB with lysine truncation on both heavy chains is the predominant component observed. Details for all identified components, including relative abundances based on deconvoluted mass intensity, are listed in [Table 1](#T1){ref-type="table"}. Excellent mass accuracy (\<15 ppm error) was obtained for the observed components.

![**Figure 2.(A)** Raw and **(B)** MaxEnt1 deconvoluted mass spectra of Hetero-AB.](mabs-5-711-g2){#F2}

###### **Table 1.** Mass Spectral Characterization of Protein Components Detected in Hetero-AB

  Protein     Theoretical Mass (Da)^a,b^   Measured Mass (Da)   Mass Error (ppm)   Deconvoluted MS Intensity   Relative Intensity
  ----------- ---------------------------- -------------------- ------------------ --------------------------- --------------------
  AB - 2Lys   145321                       145322               7                  1089472                     72.5%
  AB - Lys    145449                       145449               0                  333951                      22.2%
  AB          145577                       145579               14                 80160                       5.3%

A, Theoretical mass is for fully deglycosylated protein; b, Both heavy chain A and B have glycine addition on the N-terminus.

Combined raw mass spectra for the Homo-A and Homo-B standards are shown in [Figures 3A](#F3){ref-type="fig"} and [4A](#F4){ref-type="fig"}, respectively. To obtain the Homo-A and Homo-B standards for the heterodimer MAb1, heavy chains A and B were independently expressed with the common light chain and purified by Protein-A and SEC-HPLC. Expression of heavy chain A mainly resulted in half-antibody A, but SEC-HPLC allowed isolation and enrichment of the low level of the homodimeric antibody AA, used as standard Homo-A. Expression of heavy chain B mainly resulted in half-antibody B, and isolation of the low abundance homodimeric antibody BB from half-antibody B was not possible by SEC-HPLC; therefore, the Homo-B standard contains higher levels of half-antibody B. Due to the differences in half-antibody abundance of the homodimer standards, a second charge envelope corresponding to co-eluting half-antibody was observed for both Homo-A and Homo-B samples. Homo-B had much more half-antibody than Homo-A as observed in the mass spectra. The ratio of half-antibody to intact antibody in these samples appears to be stable under normal storage conditions, with no significant changes upon incubation at 4°C for up to two months (data not shown).

![**Figure 3.** Mass spectra for Homo-A: **(A)** Raw mass spectrum;**(B)** MaxEnt1 deconvoluted spectrum for the intact antibody charge envelope; **(C)** MaxEnt1 deconvoluted spectrum for the half-antibody charge envelope.](mabs-5-711-g3){#F3}

![**Figure 4.** Mass spectra for Homo-B: **(A)** Raw mass spectrum; **(B)** MaxEnt1 deconvoluted spectrum for the intact antibody charge envelope; **(C)**MaxEnt1 deconvoluted spectrum for the half-antibody charge envelope.](mabs-5-711-g4){#F4}

The intact and half-antibody charge envelopes were deconvoluted separately because each required different deconvolution parameters for optimal results. Deconvoluted spectra for the intact antibodies of Homo-A and Homo-B are shown in [Figures 3B](#F3){ref-type="fig"} and [4B](#F4){ref-type="fig"}, respectively, and deconvoluted spectra for the half antibodies are shown in [Figures 3C](#F3){ref-type="fig"} and [4C](#F4){ref-type="fig"}, respectively. Mass spectral details for identified components are listed in [Tables 2](#T2){ref-type="table"} and [3](#T3){ref-type="table"}. Relative intensities in [Tables 2](#T2){ref-type="table"} and [3](#T3){ref-type="table"} are calculated in relation to the combined intensities of all half-antibody and intact antibody components, but these relative intensities may not represent actual relative abundances of half antibodies and intact antibodies in the tested samples. Half antibodies likely have greater ionization efficiency than intact antibodies, possibly leading to under-representation of intact antibody abundance and over-representation of half-antibody abundance.

###### **Table 2.** Mass Spectral Characterization of Protein Components Detected in Homo-A

  Protein                Theoretical Mass (Da)^a,b^   Measured Mass (Da)   Mass Error (ppm)   Deconvoluted MS Intensity   Relative Intensity
  ---------------------- ---------------------------- -------------------- ------------------ --------------------------- --------------------
  AA-2Lys; -Gly; amide   145091                       145097               41                 92559                       5.3%
  AA-2Lys                145149                       145149               0                  1259530                     72.8%
  AA-Lys                 145277                       145277               0                  147831                      8.5%
  AA                     145405                       145406               7                  44513                       2.6%
  A-Lys;-Gly; amide      72519                        72520                14                 10931                       0.6%
  A-Lys                  72577                        72574                -41                160429                      9.3%
  A                      72705                        72703                -28                14690                       0.9%

a\. Theoretical mass is for fully deglycosylated protein. b. Both heavy chain A and B have glycine addition on the N-terminus.

###### **Table 3.** Mass Spectral Characterization of Protein Components Detected in Homo-B

  Protein   Theoretical Mass (Da)^a,b^   Measured Mass (Da)   Mass Error (ppm)   Deconvoluted MS Intensity   Relative Intensity
  --------- ---------------------------- -------------------- ------------------ --------------------------- --------------------
  BB-2Lys   145494                       145494               0                  389545                      **11.0%**
  BB-Lys    145622                       145622               0                  92448                       2.6%
  BB        145750                       145750               0                  92005                       2.6%
  B-Lys     72749                        72747                -28                1852304                     52.4%
  B         72877                        72875                -27                1111430                     31.4%

a\. Theoretical mass is for fully deglycosylated protein. b. Both heavy chain A and B have glycine addition on the N-terminus

The deconvoluted spectra of homodimers AA and BB reveal differences in lysine truncation levels. AA has more lysine truncation than heterodimer AB, while BB has less lysine truncation than AB. A variation of homodimer AA with a mass of 145097 Da (72520 Da in the corresponding half-antibody) was confirmed by peptide mapping studies to be the fully lysine-truncated antibody with C-terminal amidated proline on one of the two heavy chains ([Table 6](#T6){ref-type="table"}).

###### **Table 6.** LC-MS^E^ Characterization of Heavy Chain C-Terminal Truncations

  sample         C-terminal peptide   range      RT (min)   theoretical mass (Da)   measured mass (Da)   mass error (ppm)   intensity (counts)   \% abundance
  -------------- -------------------- ---------- ---------- ----------------------- -------------------- ------------------ -------------------- --------------
  Hetero AB      SLSLSPGK             443--450   33.7       787.4440                787.4427             -1.7               25377                13.5
  SLSLSPG        443--449             36.2       659.3489   659.3507                2.7                  161136             85.6                 
  SLSLSP-amide   443--448             35.5       601.3434   601.3438                0.7                  1653               0.9                  
  Homo A         SLSLSPGK             443--450   33.7       787.4440                787.4448             1.0                5794                 7.0
  SLSLSPG        443--449             36.2       659.3489   659.3504                2.3                  72529              87.4                 
  SLSLSP-amide   443--448             35.4       601.3434   601.3451                2.8                  4634               5.6                  
  Homo B         SLSLSPGK             443--450   33.7       787.4440                787.4438             -0.3               22952                29.2
  SLSLSPG        443--449             36.2       659.3489   659.3492                0.5                  54397              69.1                 
  SLSLSP-amide   443--448             35.5       601.3434   601.3443                1.5                  1356               1.7                  

The results for Homo-A shown in [Table 2](#T2){ref-type="table"} and [Figure 3](#F3){ref-type="fig"} demonstrate the capability of this method for detecting components of \< 1% abundance. Half-antibody A with lysine truncation and C-terminal amidated proline was detected at 0.6%, while half-antibody A was detected at 0.9%.

To validate the amino acid sequences and C-terminal truncation species and to assess potential amino acid modifications, enzymatic digests of reduced and alkylated protein in Hetero-AB sample and Homo-A and Homo-B standards were examined by LC-MS^E^ peptide mapping. The digests of reduced and alkylated Hetero-AB, Homo-A, and Homo-B were prepared by sequential Lys-C and trypsin digestion and analyzed using an alternating low and elevated collision energy LC-MS scan mode (LC-MS^E^).[@R16] Tryptic peptides were identified by precursor masses and confirmed by MS^E^ fragment (b and y) ions. Sequence coverage was ≥ 98.2% overall for each of the three samples; chain-specific sequence coverage is presented in [Table 4](#T4){ref-type="table"}.

###### **Table 4.** Peptide Map Sequence Coverage

            Hetero AB                               Homo A         Homo B                                                                                         
  --------- ------------------- ------------------- ---------- --- ------------------- ------------------- ---------- --- ------------------- ------------------- ----------
            detected residues   total residues^a^   coverage       detected residues   total residues^a^   coverage       detected residues   total residues^a^   coverage
  HC(A)     440                 450                 97.8%          440                 450                 97.8%          N/A                 N/A                 N/A
  HC(B)     440                 450                 97.8%          N/A                 N/A                 N/A            440                 450                 97.8%
  LC        215                 215                 100%           215                 215                 100%           215                 215                 100%
  overall   1095                1115                98.2%          655                 665                 98.5%          655                 665                 98.5%

a\. Both heavy chain A and B are based on trastuzumab with glycine addition on the N-terminus. N-terminal glycine is not included in the residue count.

The six sites of sequence variation between heavy chains A and B were identified by the precursor masses of corresponding tryptic peptides and confirmed by MS^E^ fragment ions. As an example, [Figure 5](#F5){ref-type="fig"} illustrates the determination of the amino acid difference at heavy chain position 369, which is part of tryptic peptide T36. Heavy chain A has a threonine at this position, while heavy chain B has a leucine at this position. LC elution and mass spectral identification for each of these two peptides are shown in [Figure 5A](#F5){ref-type="fig"}. MS^E^ fragment ion spectra confirming the sequence difference are show in [Figure 5B](#F5){ref-type="fig"}. LC-MS details for all six sites of sequence difference between heavy chains A and B are shown in [Table 5](#T5){ref-type="table"}.

![**Figure 5.** LC-MS^E^ results identifying heavy chain A- and B-specific sequences for tryptic peptide T36: **(A)** Total ion chromatogram (TIC) with zoomed mass spectra shown in insets; **(B)** MS^E^ fragment ions confirming the sequence difference.](mabs-5-711-g5){#F5}

###### **Table 5.** LC-MS^E^ Data for Amino Acid Residue Variations between Heavy Chains A and B

  variable site(s)^a^   peptide            RT (min)                                                  sequence                                 theoretical mass (Da)^b^   measured mass (Da)   mass error (ppm)   intensity (counts)
  --------------------- ------------------ --------------------------------------------------------- ---------------------------- ----------- -------------------------- -------------------- ------------------ --------------------
  354                   HC~A~:T33--35^c^   44.1                                                      GQPREPQVYV**Y**PPSRDELTK                 2358.1968                  2358.1931            -1.6               116764
  HC~B~:T33--35^c^      47.4               GQPREPQVYV**L**PPSRDELTK                                                               2308.2175   2308.2158                  -0.7                 119682             
  369                   HC~A~:T36          48.0                                                      NQVSL**T**CLVK                           1160.6223                  1160.6239            1.4                226906
  HC~B~:T36             58.6               NQVSL**L**CLVK                                                                         1172.6588   1172.6610                  1.9                  244944             
  395, 397, 408, 410    HC~A~:T37 (1)^d^   55.9                                                      GFYPSDIAVEWESNGQPENNY**K**               2543.1240                  2543.1230            -0.4               175028
  HC~A~:T38 (2)^d^      54.8               T**T**PPVLDSDGSF**A**L**V**SK                                                          1732.8883   1732.8901                  1.0                  264347             
  HC~B~:T37^d^          81.4               GFYPSDIAVEWESNGQPENNY**L**T**W**PPVLDSDGSF**F**L**Y**SK                                4468.0488   4468.0439                  -1.1                 172680             

a\. Numbering is based on the trastuzumab sequence. b. Mass corresponds to carbamidomethylated cysteines. c. A hyphen in the peptide number indicates miscleavage. d. The lysine at position 395 of HCa is a trypsin cleavage site, leading to the two tryptic peptides T37 and T38. Position 395 in HCb is a leucine, which is not a trypsin cleavage site. Therefore, the same amino acid range in HCb only leads to one tryptic peptide T37.

Analyses of the heavy chain C-terminal peptides confirmed the C-terminal truncation observed by intact protein LC-MS. [Table 6](#T6){ref-type="table"} contains the LC-MS details for the variations of the heavy chain C-terminal peptide. Components in Homo-A show the highest levels of C-terminal truncations, with 87.4% lysine truncation and with 5.6% C-terminal amidated proline after truncation of the last two residues lysine and glycine. C-terminal amidated proline is a result of enzymatic cleavage of glycine and has been previously reported.[@R17] Components in Homo-B have the lowest level of C-terminal truncations.

The peptide map results also permitted characterization of other amino acid residue modifications (data not shown). The detected modifications include low levels (\< 5%) of N-deamidation, N-succinimide, M-oxidation, D-succinimide, and a DP cleavage. The observed modifications are typical for a monoclonal IgG1. Some of these modifications, such as N-deamidation and DP cleavage, may be artifacts of sample handling. The expected N-glycosylation in the conserved -NST- glycosylation motif was also observed, with several glycoforms, e.g., G0F, G1F, G2F, that are typical for an IgG1 being detected.

Detection and relative quantification of homodimer and half-antibody in heterodimer samples
-------------------------------------------------------------------------------------------

After mass spectrometric structural characterization of the heterodimer and the homodimer standards, intact protein LC-MS analysis of deglycosylated antibody was selected to develop an assay for (1) assessment of heteodimer purity and (2) detection and relative quantification of homodimer and co-eluting half-antibody impurities in samples of heterodimer. To develop the assay, different amounts of deglycosylated Homo-A or Homo-B were spiked into deglycosylated Hetero-AB (MAb1) as simulated impurities. Mass spectra for the resulting samples were obtained.

Five samples of Hetero-AB containing 2--9% Homo-A (mole %) were prepared to examine detection of homodimer AA. Similarly, five samples of Hetero-AB containing 5‒30% Homo-B (mole %) were prepared to examine detection of homodimer BB. A higher range of Homo-B, which has a large fraction of half-antibody, was tested to obtain homodimer signals that were comparable to the samples containing Homo-A.

Combined raw mass spectra for heterodimer samples containing Homo-A or Homo-B show ions corresponding to the respective homodimer components ([Fig. 6](#F6){ref-type="fig"}). Deconvoluted overlaid spectra showing the heterodimeric and homodimeric components at each concentration of Homo-A and Homo-B are shown in [Figure 7](#F7){ref-type="fig"}. These overlays, normalized to the most intense component (AB-2Lys), clearly show the homodimeric component in each spiked sample. Excellent MS resolution was obtained, with AB-Lys and BB-2Lys (theoretical mass difference of 45 Da) easily distinguished from each other ([Fig. 7B](#F7){ref-type="fig"}). Clear relationships between homodimer intensity response and concentration of homodimer standard Homo-A/Homo-B are apparent.

![**Figure 6.** Raw mass spectra for Hetero-AB containing low levels of spiked homodimer standards, zoomed to show two charge states. **(A)** Hetero-AB containing 30% Homo-B standard. **(B)** Hetero-AB containing 9% Homo-A standard.](mabs-5-711-g6){#F6}

![**Figure 7.** Deconvoluted mass spectra (intact antibody charge envelope) and homodimer intensity response curves for Hetero-AB mixed with varying amounts of Homo-A or Homo-B standards. **(A)** Overlaid spectra for Hetero-AB containing Homo-A, normalized to the AB-2Lys peak. **(B)** Overlaid spectra for Hetero-AB containing Homo-B, normalized to the AB-2Lys peak. **(C)** Plot of AA-2Lys intensity (relative to the sum of AA-2Lys and AB-2Lys intensities) vs. Homo-A relative concentration. **(D)** Plot of BB-2Lys intensity (relative to the sum of BB-2Lys and AB-2Lys intensities) vs. Homo-B relative concentration.](mabs-5-711-g7){#F7}

Plots relating the intensity of fully lysine-truncated homodimer (relative to all fully lysine-truncated intact antibodies) to the relative concentration of the respective standard Homo-A/Homo-B are shown in [Figures 7C](#F7){ref-type="fig"} and [7D](#F7){ref-type="fig"}. Linear responses for both homodimers were observed (R^2^ = 0.994). Standard deviations are estimated at \~0.15%, with most of the variability due to sample preparation. The observed relative intensities of homodimer AA are within 1% of the corresponding relative concentration of Homo-A, although the relative abundance of homodimer AA is estimated to be 2.5% for the sample spiked with 2.0% Homo-A (low end of relative concentration) and 8.5% for the sample spiked with 9.0% Homo-A (high end of relative concentration). The observed relative intensities of homodimer BB are significantly lower than the corresponding spiked concentrations of Homo-B because a large fraction of Homo-B is half-antibody B rather than homodimer BB.

Detection and relative quantification of co-eluting half-antibody impurities were demonstrated in a similar fashion. Deglycosylated Homo-B, which contains high levels of half-antibody B, was mixed at levels of 9% or less (mole %) with deglycosylated Hetero-AB, and the mixtures were analyzed by LC-MS. The half-antibody and intact antibody charge envelopes were each independently deconvoluted. Overlaid half-antibody deconvoluted spectra are shown in [Figure 8A](#F8){ref-type="fig"}, and a plot of relative half-antibody deconvoluted peak intensity (relative to the sum of half-antibody and heterodimer peak intensities) vs. the relative concentration of the Homo-B in the spiked samples is shown in [Figure 8B](#F8){ref-type="fig"}. Only fully lysine-truncated species were used for calculation of relative half-antibody peak intensity. The LC-MS method reported about 2% excess intensity of the B half-antibody relative to the spiked amount of Homo-B at low concentrations of Homo-B. The deconvoluted mass peaks for both species of half-antibody B become more intense with corresponding increases in Homo-B concentration, resulting in a linear response curve.

![**Figure 8.** Deconvoluted mass spectra from the half-antibody charge envelope and half-antibody intensity response curves for Hetero-AB mixed with varying amounts of Homo-B. **(A)** Overlaid half-antibody spectra for Hetero-AB containing Homo-B. **(B)** Plot of B-Lys intensity relative to the sum of B-Lys and AB-2Lys vs. Homo-B relative concentration.](mabs-5-711-g8){#F8}

Discussion
==========

Bispecific antibodies are gaining popularity as biopharmaceutical drugs, and well-calibrated purity assays with sufficient resolution and sensitivity to evaluate heterodimeric purity are needed. We demonstrated detection and relative quantification of small levels of spiked homodimeric and half-antibody impurities of the heterodimeric antibody MAb1 using LC-MS analysis of deglycosylated proteins. Homodimeric impurities are particularly challenging to evaluate with traditional antibody purity assays because the similarities between homodimer and heterodimer lead to difficult, if not impossible, separations. An alternative assay that can assess purity without the need for separation of the heterodimer from impurities would be helpful for the development of bispecific antibodies. Modern MS technologies, such as the Q-TOF LC-MS demonstrated here, can serve as such an assay because they can distinguish intact antibodies and truncated or modified variants with small mass differences (e.g., 45 Da) and have large dynamic ranges (up to 10^4^) and linear responses for quantification purposes.[@R18]^,^[@R19]

Before developing a heterodimer purity assay, it was important to characterize the structure and post-translational modifications of the antibodies. Our first step was to analyze the deglycosylated heterodimer and independently expressed homodimer standards by intact protein LC-MS analysis. These analyses permitted characterization of antibody heterogeneity and evaluation of MS capability to distinguish impurities that could be co-eluted with heterodimeric antibody. Deglycosylation to remove the heterogeneity related to N-linked glycoforms was critical for simplifying the data, especially in light of the C-terminal truncation heterogeneity. The second step, LC-MS^E^ peptide map analysis, was then performed to confirm the protein sequences and the C-terminal truncation heterogeneity suggested by intact protein LC-MS. Following the prerequisite characterizations, samples containing mixtures of deglycosylated heterodimer and homodimer were prepared and relative levels of homodimeric (AA and BB) and half-antibody (B) impurities were evaluated by intact protein LC-MS.

Homodimeric impurities were easily detected by the intact protein LC-MS method, and relative quantification between samples was demonstrated with a linear deconvoluted MS intensity response in the range tested. Although the difference in mass between heterodimeric MAb1 and each of the homodimers is 172 Da, this method should be applicable to systems in which the heterodimer-homodimer mass difference is much smaller. Indeed, it was possible to distinguish fully lysine-truncated homodimer BB from partially lysine-truncated heterodimer ([Fig. 6](#F6){ref-type="fig"} and [7](#F7){ref-type="fig"}). These two antibodies only differ by 45 Da. Actual limits of resolution depend on the specific instrumentation, but absolute limits are imposed by the approximately 25 Da isotopic envelope width of an antibody.[@R11] This method would not be applicable for systems in which the mass difference between the heterodimer and homodimer is too small (e.g., below 25 Da), but that scenario is not expected for most cases. The heterodimeric structure studied here with a common light chain on both arms is likely a more challenging example because the engineered mutations only in the CH3 domain result in small mass differences. Bispecific antibodies with two different light chains and likely differences in the CDR sequence composition in the two arms of the antibody would likely have more intrinsic differences in the masses of the two arms.

Analysis of subunits of antibodies resulting from limited digestion using an enzyme such as FabRICATOR® (Ides)[@R20] may be a useful complementary method to the intact protein LC-MS method described here, when the goal is to quantify the amount of individual subunits, to confirm certain chain pairing tendencies, or to estimate relative amounts of subunit chains. Such a method may also be suitable for the rare case with a small (e.g., \< 25 Da) difference in mass between the heterodimeric product and homodimeric impurities. Such subunit analyses, however, would require additional sample processing and the efforts to separate two minor-different subunits of heterodimeric and homodimeric antibodies would not be trivial (if not impossible). Extensive development may be required compared with the simple intact protein LC-MS method described here.

In addition to the detection of homodimeric impurities, LC-MS can simultaneously detect co-eluting half-antibody (heavy chain + light chain) impurities and provide relative quantification between samples. Although half-antibodies can be detected and quantified by purely separation-based methods such as SDS-PAGE, evaluation of half antibodies in conjunction with homodimer evaluation will save time and resources. Half-antibody was detected in both homodimer controls, and a linear signal response of half-antibody was demonstrated by adding Homo-B to samples of Hetero-AB. Ionization efficiencies of half-antibodies and intact antibodies are expected to differ substantially, and calibration curves created with pure half-antibody would be required for absolute half-antibody quantification.

Heterogeneity due to C-terminal truncation of the heterodimer, homodimers, and half-antibodies was present ([Tables 1](#T1){ref-type="table"}‒[3](#T3){ref-type="table"}). C-terminal truncation levels are related to the conditions of protein expression and the expression system employed, and truncation levels can vary from batch to batch.[@R21] The method described herein involves monitoring only the major C-terminal truncation variants. Minor C-terminal truncation species of a low abundance impurity such as a homodimer would be problematic to accurately quantify, so the major truncation species provides a marker that represents all variations. It is reasonable to assume that the truncation variant ratios of a heterodimer and its homodimeric impurities would be similar within a single sample.

To more accurately quantify the homodimers and half antibodies, the relative abundances can be corrected by calibration curves such as those illustrated in [Figures 7](#F7){ref-type="fig"} and [8](#F8){ref-type="fig"}. For the greatest accuracy, calibration curves would be created with pure homodimer or half-antibody. Both Homo-A and Homo-B standards contained a mixture of half-antibody and homodimer variants, and the ratios observed by mass spectrometry likely over-represent the abundance of half-antibody. For purposes of MAb1 process development activities, Homo-A was assumed to be mainly composed of intact antibody and the Homo-A intact antibody calibration curve was used for correction of homodimer abundances. Likewise, Homo-B was assumed to be mainly composed of half-antibody, and the Homo-B half-antibody calibration curve was used for correction of half-antibody abundances. Although relative quantification of homodimeric impurities among samples is the primary need, further optimization of this method is expected to provide absolute quantification of homodimeric impurities.

Limits of detection for homodimeric or half-antibody impurities are estimated at 2% based on spiking of standards into the pure heterodimer. Considering the multiple components in both Homo-A and Homo-B, such as homodimer heavy chain C-terminal lysine-truncation variants BB-2Lys, BB-Lys, and BB ([Fig. 7B](#F7){ref-type="fig"}) and half-antibody variants B-Lys and B ([Fig. 8A](#F8){ref-type="fig"}) in Homo-B, the actual limit of detection and limit of quantification for an individual homodimer or half-antibody should be below the lowest concentration of spiked Homo-A/Homo-B. This is consistent with the observation in the previously described Homo-A characterization ([Table 2](#T2){ref-type="table"}, [Fig. 3](#F3){ref-type="fig"}) that components with abundance of 0.6--0.9% were detected and quantified. Therefore, this assay should be able to detect and quantify ≥ 0.6% individual homodimer or half-antibody impurities in heterodimer samples.

In conclusion, the LC-MS methods developed herein permit rapid and accurate detection and quantification of heterodimeric antibody MAb1 and allow relative quantification of low abundance (0.6%) homodimeric and half-antibody impurities as determined using spiking experiments with standards. MAb1 was \> 95% heterodimer with no homodimer impurities. These methods, which were invaluable for clone selection, process development, and purification activities of MAb1, will be applied to future development of bispecific antibodies based on the MAb1 scaffold.

Materials and Methods
=====================

Samples and materials
---------------------

Antibodies were expressed and purified at NRC-BRI. Dithiothreitol (DTT), formic acid (FA), and trifluoroacetic acid (TFA) were obtained from Thermo Scientific. Iodoacetamide (IAM) was obtained from Sigma-Aldrich. Optima grade water, optima grade acetonitrile, Tris buffer, guanidine HCl, and EDTA were obtained from Fisher Scientific. Endoproteinase Lys-C was obtained from Waco Chemicals. PNGase-F was obtained from New England Biolabs. Trypsin gold was obtained from Promega.

Instrumentation
---------------

Intact protein LC-MS analyses were performed on a Waters Acquity UPLC H-Class in line with a Waters Xevo G2-S Q-TOF mass spectrometer. LC-MS^E^ analysis of peptide maps were performed on a Waters Acquity UPLC H-Class in line with a Waters Xevo G2 Q-TOF mass spectrometer. Daily calibration of the mass spectrometers with NaCsI was performed, and \[Glu1\]-fibrinopeptide B was used in the lockspray channel.

LC-MS Analysis of deglycosylated proteins
-----------------------------------------

Prior to LC-MS analysis, antibody samples were incubated with PNGase-F to remove N-linked glycans. Antibody samples (0.4 µg each) were injected onto a Waters Acquity UPLC BEH 300 C4 (1.7 µm particle size) 2.1 × 50 mm column (80°C column temperature). Antibodies were eluted from the column with a 4 min gradient (35‒80% B, 0.200 mL/min flow rate). Mobile phase A was 0.1% FA in H~2~O. Mobile phase B was 0.1% FA in acetonitrile. The Xevo G2-S Q-TOF mass spectrometer was run in positive ion, sensitivity mode with detection in the range of 600‒4000 m/z. Source parameters were as follows: capillary voltage, 2.00 kV; sampling cone voltage, 40.0 V; source offset 100 V; source temperature, 130°C; desolvation temperature, 530°C; cone gas flow: 25 L/hr; desolvation gas flow, 900 L/hr. The protein peak was deconvoluted by the MassLynx MaxEnt1 function according to the following parameters: m/z input range, 2220‒3131 for intact antibody and 1361‒2046 for half-antibody; output resolution, 1.0 Da/channel; output mass range, 140321‒150321 Da for intact antibody and 67700‒77700 Da for half-antibody; uniform Gaussian width at half height, 0.6 Da for intact antibody and 0.5 Da for half-antibody; minimum intensity ratios, 30% for left and right; maximum number of iterations, 16 for intact antibody and 6 for half-antibody.

Digests preparation and LC-MS^E^ analysis of peptide maps
---------------------------------------------------------

Protein samples were dried in a centrifugal evaporator and reconstituted in pH 7.5 Tris buffer containing 6 M guanidine. DTT was added, and the samples were incubated at 55°C for 20 min to reduce disulfide bonds. IAM was then added, and the samples were incubated at room temperature for 30 min to alkylate free cysteines. The samples were diluted with water, Lys-C (1:42 w/w) was added, and the samples were incubated at 37°C for 2 h. Trypsin (1:21 w/w) was then added, and the samples were incubated at 37°C for another 2 h. TFA (20% solution) was added to the samples to stop the digestion. Samples (9.8 µg each) were injected onto a Waters Acquity UPLC BEH 300 C18 (1.7 µm particle size) 2.1‒150 mm column (65°C column temperature). Peptides were eluted from the column with a 90 min gradient (1‒41% B, 0.200 mL/min flow rate). Mobile phase A was 0.05% TFA in H~2~O. Mobile phase B was 0.04% TFA in acetonitrile. The Xevo G2 Q-TOF mass spectrometer was run in positive ion, sensitivity mode with detection in the range of 100--2000 m/z. Source parameters were as follows: capillary voltage, 3.00 kV; sampling cone voltage, 28.0 V; extraction cone voltage, 4.0 V; source temperature, 100°C; desolvation temperature, 250°C; cone gas flow: 0 L/hr; desolvation gas flow, 500 L/hr. The low collision energy was 4.0 eV, and the elevated collision energy ramp was 20.0--50.0 eV. Raw data were processed by BiopharmaLynx 1.3 with the following searchable modifications: cysteine carbamidomethylation, C-terminal lysine truncation, C-terminal lysine and glycine truncation with C-terminal amidated proline, N-G0F, N-G1F, N-G0, N-G2F, M-oxidation, N-deamidation, N-deamidation succinimide, and D-succinimide. Mass tolerances were set at 10 ppm for singly charged precursors and 30 ppm for MS^E^ fragment ions (also converted to singly charged fragments).
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LC-MS

:   liquid chromatography-mass spectrometry

LC-MSE

:   data independent acquisition LC-MS using an alternative low and elevated collision energy scan mode

ESI-Q-TOF

:   electrospray-quadrupole-time-of-flight

SEC-HPLC

:   size exclusion high performance LC

UPLC

:   ultra performance LC

TIC

:   total ion chromatogram

IgG

:   immunoglobulin G

mAb

:   monoclonal antibody

CDR

:   complementarity determining region

ppm

:   parts per million

DP cleavage

:   clip between amino acid residues D and P

Lys (K)

:   lysine

SDS-PAGE

:   sodium dodecyl sulfate-polyacrylamide gel electrophoresis

DTT

:   dithiothreitol

FA

:   formic acid

TFA

:   trifluoroacetic acid

IAM

:   iodacetamide

HCl

:   hydrogen chloride

EDTA

:   ethylenediaminetetraacetic acid
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